Aims: Clinical visits of non-diabetic patients reporting hypoglycemic symptoms are common in endocrinology practices, but remain understudied and lack clinical definition and evidence-based recommendations for diagnosis or treatment. Our goal was to pilot test the concordance of hypoglycemic symptoms with low glucose values in young non-diabetic individuals. Methods: We recruited eight individuals who reported regularly experiencing symptoms consistent with hypoglycemia to wear a blinded Dexcom continuous glucose monitor and report symptoms for seven days. We excluded individuals with diabetes or other known causes of hypoglycemia or similar symptoms. Results: Participants were all women with an average age of 29 years. 25% were African American and 25% had obesity. All participants experienced glucose values ≤ 70 mg/dL and half (4/8) experienced glucose ≤ 54 mg/dL for at least 15 min or 3 consecutive readings. Average time between last meal and reported symptoms was 4.4 h. Lower glucose values were significantly associated with higher odds of experiencing hypoglycemic symptoms 1.15 (CI: 1.07-1.24) for every −5mg/dL, (p < 0.001) from mixed effects models for repeated measures adjusted for age, race, and body mass index. All participants also reported engaging in potentially obesogenic behaviors in order to avoid symptoms. Conclusions: Individuals with hypoglycemic symptoms in the absence of diabetes experience clinical hypoglycemia, indicating the need to understand the etiology, behavioral responses, and other health risks that might be associated with this understudied condition.
Introduction
Hypoglycemia in the absence of diabetes, sometimes referred to as reactive, postprandial, or idiopathic hypoglycemia [1] , is a regular complaint by young non-diabetic patients referred for endocrinology evaluation. Despite this prevalent medical concern and the estimate that 38% of women in the UK may experience this condition [2] , there are currently no standard diagnostic criteria for this syndrome [3] , few estimates of its prevalence in the general population, and little evidence about its potential health implications. In fact, the health relevance, and indeed existence, of this condition has been controversial for decades [4] [5] [6] .
The current paradigm assumes that low glucose outside the context of clinical hypoglycemia is healthy. As such, this group is largely ignored by the health care system, despite frequent, expensive, and largely unfruitful visits to providers and specialists. Individuals who experience hypoglycemic symptoms also report lower quality of life [7, 8] , and may therefore become frustrated with the lack of a medical solution [8] , and turn to alternative medicine. Many websites target this group with recommendations for untested diets, herbs, or other supplements. For example, The Hypoglycemia Support Foundation Inc, a 501(C)(3) non-profit, specifically focuses on this frustration with the tag line "Your symptoms may not be in your head." and claims to have had more than a million visitors to their website [9] .
Until recently, technical challenges to clinically addressing this understudied condition included difficulties in measuring glucose specifically during symptoms, in order to complete Whipple's Triad of symptoms with a recorded low glucose value that respond promptly to feeding. Previous work has focused primarily on investigating reactive hypoglycemia in the laboratory setting. While some evidence of https://doi.org/10.1016/j.jcte.2019.100202 Received 2 April 2019; Received in revised form 10 July 2019; Accepted 23 July 2019 reactive hypoglycemia being tied to obesity and an exaggerated insulin response exists, Brun et al. conclude that the majority of cases are actually in the context of high insulin sensitivity accompanied by defects in counterregulation, most likely a blunted glucagon response [10] . The role of epinephrine and other counterregulatory hormones in reactive hypoglycemia and the relation with other potentially heterogeneous hypoglycemic conditions remain mostly theoretical. Brun et al. summarizes the criticisms of the field more generally, stating that the most commonly used approach, the oral glucose tolerance test, is "not suitable" for diagnosis and neither is the mixed meal test. They go further, calling hypoglycemia during oral glucose tolerance tests an "artifact" due to the "unphysiologic stress, seldom encountered outside the laboratory setting". In line with Brun et al.'s recommendations that glucose must be measured concordantly with symptoms during "everyday life", the updated technology and improved accuracy of continuous glucose monitors (CGM) have provided new opportunities to advance investigation of this condition. Taking advantage of the increased usability of CGM, we hypothesized a priori that reported symptoms would be significantly associated with lower glucose values. We further hypothesized that participants would report that symptoms resulted in lower quality of life and that they engaged in obesogenic behaviors specifically to avoid symptoms.
Materials and methods
In order to establish the concordance of low glucose values with hypoglycemic symptoms in the absence of diabetes, we conducted a pilot study in a convenience sample of volunteers. Volunteers were identified via a website designed for patients to enroll in active studies in an area of their interest [11] . We screened participants by phone to ensure that they had not been previously diagnosed with any of the following conditions by self-report: diabetes, clinical hypoglycemia, heart arrhythmia, insulinoma, or gestational diabetes or other known reason for their symptoms. We recruited 8 participants between the ages of 18 and 35 who reported regular hypoglycemic symptoms in the absence of diabetes to wear a blinded Dexcom G4 continuous glucose monitor for 7 days. The Dexcom G4 reported glucose measurements every 5 min. We blinded the monitors so that they did not report glucose values to participants, in order to avoid changes in normal everyday participant behavior. Regular hypoglycemic symptoms were defined by a screening response of "yes" to both of the following questions: 1. "Do you ever have symptoms of low blood sugar when you are fasting or between meals? That means any of the following beyond just feeling hungry: Headache, trouble concentrating or confusion, irritability, blurred vision, weakness, fatigue, nervousness, palpitations, tremor or shakiness, or dizziness. Please ONLY answer "yes" if these symptoms occur when you have not eaten in more than 3 h." and 2. "Do you have these symptoms regularly or frequently when you are fasting or between meals? By frequently, I mean 2 or more times a week?". We matched self-reported timing of hypoglycemic symptoms, and meal times to glucose measurements from the Dexcom G4. All participants provided written informed consent and the project was approved by the Wake Forest IRB.
We calculated baseline characteristics using mean and standard deviation, described regular experience of symptoms and age of symptom onset, and estimated the percentage of participants reporting different symptoms or behavior change in response to symptoms. We reported frequency of hypoglycemia measured during continuous glucose monitoring and time of symptom onset since previous meal. We defined hypoglycemia by two different cut-points: 1. Hypoglycemia: Glucose ≤ 70 mg/dL, as 70 mg/dL is generally considered the lower limit of the normal glucose range, and 2. Clinically significant hypoglycemia: Glucose ≤ 54 mg/dL, as 54 mg/dL was recently determined by the International Hypoglycaemia Study Group as the threshold that should be used for reporting of hypoglycemia as an adverse event in clinical trials for diabetes [12] . Classification of hypoglycemia was dependent on readings below these minimum values persisting for at least 15 min or 3 consecutive continuous glucose readings. We used mixed effects logistic regression to assess the association between continuous glucose values from the CGM as the exposure and reported symptoms (yes/no) as the outcome. This approach allowed us to account for the correlation between repeated measures on the same individual in order to estimate confidence intervals more accurately. Marginal probabilities were produced directly by the software from the mixed effects model as a post regression option. We adjusted for age, race, and body mass index as they have been shown to be associated with glucose, although predominantly in the context of diabetes. Analysis was conducted using Stata 14 [13] .
Results
Participants were 100% female with an average age of 29 years. Six were Caucasian and two were African American. Six had normal weight (18.5 < BMI < 25.0 kg/m 2 ) and two had obesity (BMI greater than 30 kg/m 2 ) calculated from height and weight. Participants reported 15 years old as the average age of symptom onset. During the enrollment survey, the most common symptoms reported were fatigue and irritability, followed by weakness, dizziness, and palpitations. Three out of five participants also reported having experienced difficulty concentrating, blurred vision, and tremor or shakiness. 63% (5/8) of participants reported that their symptoms limited their ability to do the things they wanted to do or lowered their quality of life. Participants unanimously reported having altered their behavior in response to symptoms, with all eight stating that they had changed the timing of their meals and "snacked between meals when not hungry" to avoid symptoms (Table 1 ). In addition, 38% (3/8) reported that they had avoided exercise as a result of or to prevent symptoms.
An average of 1994 (1767-2799) glucose values were measured from each participant across the 7-day follow-up period, except for one Table 1 Characteristics of study participants (n = 8) at enrollment and during study period (7 days participant who ended the study one day early due to uncomfortable placement of the CGM device (1229 glucose measurements across 6 days). Participants unanimously reported complete compliance calibrating the CGM device (with a finger stick twice a day) and this is validated by the device reports (calibrations averaged 1.99 per day). During the study period, three participants reported experiencing symptoms daily, two participants experienced symptoms four times during the week, and two participants experienced symptoms twice a week. This frequency is similar to the rate of symptomatic hypoglycemia experienced by those with Type 1 Diabetes [14] . It is generally believed that hypoglycemia is rare in individuals without treated diabetes [14] ; however, all participants in our pilot study had minimum glucose readings lower than 70 mg/dL and half (4/8) had a minimum glucose reading lower than 50 mg/dL (Table 1) , the value considered to be "The generic nondiabetic glycemic threshold for impairment of cognitive function" [12] . Participants with hypoglycemia defined as ≤54 mg/dL had an average of 1.75 days with at least one occurrence of a minimum glucose below that threshold. The average number of days with minimum readings lower than 70 mg/dL was 3.4. The average minimum glucose reading was 51.9 mg/dL (39, 40, 48, 49, 57, 57, 58, and 67 respectively). The average time between last meal and symptom onset was 4.4 h. The odds ratio for symptom occurrence was 1.15 (CI: 1.07-1.24p = 0.001) for every 5 mg/dL lower glucose value, adjusted for age, race, and body mass index. Adjustment did not attenuate the estimate (unadjusted OR = 1.14 (CI: 1.06-1.23 p = 0.003)). Including the participant who did not complete the CGM also did not change this estimate. Fig. 1 shows the marginal continuous association between glucose values and reported hypoglycemic symptoms.
Discussion
In our pilot study of individuals reporting regularly experiencing hypoglycemic symptoms, all participants had measured hypoglycemia (≤70 mg/dL) and half had clinically significant hypoglycemia (≤54md/dL) during the 7 days of blinded continuous glucose monitoring. Lower glucose levels were significantly associated with reported hypoglycemic symptoms, as was length of time since previous meal, and participants unanimously reported engaging in obesogenic behaviors to avoid symptoms.
In choosing a threshold for hypoglycemic reporting in clinical trials, the International Hypoglycaemia Study Group specifically sought to choose a cut-point with "immediate and long-term danger to the individual" and specify that values below 54 mg/dL "are distinctly low glucose concentrations that do not occur under physiological conditions in nondiabetic individuals" [12] . Despite other reports confirming the rarity of hypoglycemic readings from CGM in non-diabetic reference cohorts [15, 16] , our pilot data contradict this statement, showing that young non-diabetic women who report symptoms may also experience these "unequivocally hypoglycemic values" [12] . The Study Group goes on to specify that glucose values in this range "cause defective glucose counterregulation and impaired awareness of hypoglycemia" and have been associated with cardiac arrhythmias and mortality in individuals with type 2 diabetes [12, 17, 18] . Since values in this range are unexpected in individuals without diabetes [12, 14] , similar estimates in this group are rare. Moreover, despite these concerningly low glucose readings it is unlikely that these participants would receive a diagnosis of hypoglycemia under the current clinical paradigm since their average fasting glucose after waking was 97.5 mg/dL. These fasting glucose values solidly in the normal range at the time point when glucose is most likely to be measured for clinical decision making strongly suggest that individuals with this condition are regularly being overlooked in the clinic despite the potential for hypoglycemic pathology. Separate from the concordance with hypoglycemia, this condition should be a target for obesity prevention given the high prevalence of obesogenic behaviors reported by participants specifically to avoid symptoms. The strong association between lower glucose and symptoms suggests that this condition warrants further investigation from both behavioral and clinical perspectives.
This study has many of the limitations inherent to a pilot study: small sample size and limited diversity of measurements. Despite the primary limitation of small sample size, the large amount of data collected from CGM and the temporal congruity between time-stamped glucose measurements and reported symptoms is striking. Similarly, one participant did not wear the CGM for the complete study period (CGM removed on day 6); however, exclusion of data from this participant did not influence the results. This participant also had the lowest glucose values in the study suggesting that any bias from the missing data would create an underestimate. Second, the limited variables collected for this study leave open the possibility that other factors may better explain this relationship than glucose; however, adjustment for age, race, and BMI did not attenuate the results. While we did not measure insulin, the potential that the experience of these participants can be explained by undiagnosed insulinoma is highly unlikely given that the prevalence of insulinoma is 1-4 out of every million people, and fasting hypoglycemia is more characteristic of this condition [19] . Similarly, despite the low occurrence of glucose values above 180 mg/ dL suggesting that participants did not have diabetes, impaired fasting glucose could not be fully ruled out due to the lack of blood collection. Other conditions that might explain our findings are also similarly rare, especially in young adult women. A stronger possibility is that symptoms are associated with epinephrine release triggered by low glucose [1, 20] . While it was not possible to measure epinephrine in this pilot study, this hypothesis would provide explanation for delays between hypoglycemia and symptom occurrence as glucose would already have started to rise by the time individuals felt the effects of epinephrine. Finally, there has been concern about using CGM as an indicator for hypoglycemia. While the lower range accuracy of older CGM models may have been questionable, the newer generation models have mostly resolved this problem. For instance, the Dexcom G4 used in this study has high overall accuracy [21] , with a mean absolute difference in glucose level of 6 mg/dL for values below 70 mg/dL [22] . Further, these devices have been used specifically to avoid clinical hypoglycemia in patients with Type 1 Diabetes and hypoglycemia unawareness with much success [23, 24] . The current state of CGM technology combined with our approach of classifying hypoglycemia by repeated measurements below the minimum value, and the concurrence of these readings with reported symptoms (Fig. 1) , provide strong support for our findings of clinical hypoglycemia in these young women without diabetes.
The limitations of this pilot study are offset by several strengths. Firstly, to our knowledge this is the first study to use the new CGM technology to investigate the concordance of hypoglycemic symptoms with low glucose in individuals without diabetes. Without the use of CGM, studies on this topic have primarily been relegated to short observations in the laboratory setting [1, [25] [26] [27] [28] [29] [30] [31] [32] , where it has been challenging to capture symptoms. Additionally, the use of blinded CGM ensured that normal daily behavior and symptoms reporting was not influenced by glucose readings. Secondly, we focused study inclusion on young adults who were least likely to have comorbidities that could explain symptomology, and excluded participants with diabetes, gestational diabetes, and other diagnosed conditions known to cause similar symptoms. Finally, this study provides novel evidence that individuals with this condition engage in obesogenic behaviors specifically to avoid symptoms that may increase their long-term cardiometabolic risk.
These data, while from a small and heterogeneous sample, suggest that those who report experiencing hypoglycemic symptoms are experiencing clinical hypoglycemia on a regular basis and indicate a physiological explanation for symptoms. Moreover, these results provide initial progress towards completing Whipple's Triad for this condition by showing: 1. Reported symptoms correspond to a fasting state, 2. Lower glucose values are concurrent with hypoglycemic symptoms, and 3. Participants unanimously reported that they changed eating behavior to avoid symptoms suggesting that symptoms resolve with food. These findings further elucidate the potential risk and pathology of this condition that has previously not been investigated. Our preliminary results implicate glucose dysregulation as an important driver of hypoglycemic symptoms in the absence of diabetes, with consequent detriments to quality of life and initiation of obesogenic behaviors.
Our results support the longstanding clinical observations of endocrinologists who regularly see young non-diabetic patients complaining of hypoglycemic symptoms, and contradict the belief that selfreported hypoglycemic symptoms are unreliable indicators of glucose level. To our knowledge, this is the first study to show this concordance between clinical hypoglycemia and symptoms in this population, and a significant association between lower glucose and symptom onset. New technology has allowed for the feasibility of concurrent measurement and reduced participant burden, and offers an opportunity for future investigation to fill the large gaps remaining in this area. We hope these findings will be a first step towards answering patient questions about this potentially highly prevalent condition, and understanding the control and implications of glucose regulation more generally. Hypoglycemic symptoms in the absence of diabetes are an indicator of potential clinically significant hypoglycemia that warrants further investigation and understanding.
